Background: Substantial evidence suggests that increased oxidative stress in hemodialysis (HD) patients may contribute to cardiovascular complications. Oxidative modifications of human serum albumin (HSA), the largest thiol pool in plasma, alter its biological properties and may affect its antioxidant potential in HD patients.
Introduction
It has been recognized for many years that the risk of cardiovascular disease (CVD) incidence and related mortality is far greater in end-stage renal disease patients than in the general population [1, 2] . Oxidative stress has long been incriminated in the development of pathological conditions, and direct evidence for in vivo oxidative stress in hemodialysis (HD) patients relied almost entirely on the measurement of oxidative by-products of circulatory biomolecules. Proteins are extremely susceptible to oxidative stress, but studies on the detection of oxidative modified proteins have not been extensive. Recently, the measurement of markers for protein oxidation, such as advanced protein oxidation products (AOPP) or carbonyl contents, has been applied to assess the levels of oxidative stress in dialysis patients [3, 4] .
Human serum albumin (HSA) is the most abundant soluble protein in the body and is generally considered to act as a multifunctional transport protein. Apart from contributing to plasma oncotic pressure, albumin plays an important role as a versatile transporter for numerous molecules, including hormones, several important classes of drugs, and endogenous toxins. Recently, accumulating evidence suggests that albumin also has significant antioxidant activity [5] [6] [7] [8] [9] . These studies have suggested that albumin, which is the largest thiol pool in plasma, contributes to the protective mechanism for maintaining cellular and regulatory long-lived proteins. The human isoform of serum albumin is a 67-kD protein containing 585 amino acids, including 35 cysteine (Cys) residues. Among the 35 cysteine residues, 34 are involved in the formation of 17 stabilizing disulfide bonds [6] . Several studies of the antioxidant activity of HSA in different clinical situations have focused on the importance of the single, free sulfhydryl group at amino acid position 34 (Cys-34, the position is measured from the N-terminus) [10, 11] . Chemically, human serum albumin (HSA) can be further divided into at least three forms according to the redox state of Cys-34: unoxidized [human mercaptoalbumin (HMA)], reversibly oxidized [human nonmercaptoalbumin-1 (HNA-1)], and strongly oxidized [human nonmercaptoalbumin-2 (HNA-2)]. The one free sulfhydryl group at Cys-34 in HMA forms the largest fraction of free sulfhydryl in the serum. In healthy adults, about 70%-80% of Cys-34 in albumin belongs to this form. However, HNA consists of at least three types of compound forms, and the major HNA compounds are complexes of disulfide and cysteine [HNA (Cys)] or glutathione [HNA (Glut)]. The other is an oxidation product with an oxidation number higher than that of mixed disulfides [HNA (Oxi)], which is a minor species in extracellular fluids [12] . As the major plasma protein, albumin is predicted to be a target of modification during oxidative stress, and oxidative damage of albumin may impair its function. This is particularly relevant in disease states such as uremia, in which tissues are known to be exposed to continuous oxidative stress [13] . The fraction of HNA is negatively correlated with creatinine clearance in patients with renal dysfunction [14] . A direct protective effect of albumin has been indicated from many epidemiological studies [15] [16] [17] . The results of in vitro experiments also lend support to this hypothesis because they show that albumin protects human low-density lipoproteins against coppermediated oxidation and blood against hemodialysis by free radicals [7, 9, 18] .
Serum albumin level may reflect the states of nutrition and inflammation in HD patients [16, 19] . Many previous studies have shown that hypoalbuminemia is one of the strongest predictors of death in maintenance HD patients [16, 20, 21] . However, in daily practice, we have observed a much higher mortality rate than what could be explained by hypoalbuminemia alone. We have also observed that a considerable number of normoalbuminemic HD patients die from CVD. This motivated us to revisit the risk factors for mortality in this patient group. Recent mounting evidence has suggested that qualitative changes in serum albumin are found in these patients [9, [22] [23] [24] . Early studies reported that the protective activity of HSA against erythrocyte membrane lipid peroxidation is decreased in patients with renal failure [7, 9] and that this noxious state can be ameliorated by administration of HSA from healthy subjects [9] . Therefore, it is plausible to assume that there is a potential association between the scavenging capabilities of HSA and the long-term complications in HD patients with particular cardiovascular complications. This study aimed to investigate the association between the redox state of serum albumin and mortality in HD patients with normal albumin levels.
Materials and Methods

Study Design and Participant Enrollment
We conducted a prospective observational study of 249 prevalent hemodialysis patients in June 2006. The cohort was derived from a regional hospital in the coastal area of central western Taiwan. All participants were followed from enrollment to death or to the end of the study (June 30, 2009), whichever came first. Among the 249 patients recruited, one withdrew and was excluded from the analysis.
Patients who received HD for at least 3 months and had normal serum albumin levels ($3.5 g/dL) for the previous 6 months were included. Patients with an overt active inflammatory state, infection, autoimmune disease, liver cirrhosis, severe heart failure, malignancy, and those receiving immunosuppressive therapy were excluded.
The primary outcome measures were CVD mortality and overall mortality at 6.5 years of follow-up. CVD mortality was defined as death from coronary heart disease, congestive heart failure, sudden death, or stroke. The survival status and cause of death were ascertained from chart review or confirmed by case managers. The study was conducted in accordance with the Declaration of Helsinki and its amendments. The protocol was approved by the Institutional Review Board of Tungs' Taichung MetroHarbor Hospital, and written informed consents were obtained from all patients before enrollment.
Baseline Measurements
Baseline data, such as demographic factors, dialysis vintage, previous cardiovascular events (including a pre-existing coronary event, stroke, peripheral vascular disease, or positive coronary angiographic studies), the albumin redox state, and significant clinical indices of diabetes mellitus (DM) and CVD, were collected at the start of the study ( 
Biochemical Determinations
Blood samples for laboratory testing were drawn from the venous end of a vascular access at the beginning of the hemodialysis session and then stored at 280uC until time of analysis. The high sensitive C-reactive protein (hsCRP) levels were determined by a commercial immunoturbidimetric assay using a Hitachi autoanalyzer (model 7170). The detection limit and interval for CRP was 0.1 mg/L and 0.1-500.0 mg/L, respectively. The baseline serum albumin was measured by the bromocresol green method on a Hitachi autoanalyzer (model 7170). Serum levels of cholesterol, triglyceride, and low-and high-density lipoprotein cholesterol were determined by standard laboratory methods.
Measurement of the Albumin Redox State
Measurement of the albumin redox state was performed using the high-performance liquid chromatography (HPLC) method reported previously with some modifications [11, 12, 25, 26] . The HPLC-fluorescence detection (HPLC-FD) system consisted of an AS-8010 autosampler (injection volume, 2 mL per specimen; Tosoh, Tokyo, Japan) and a Model FS-8000 fluorescence detector (excitation wavelength, 280 nm; emission wavelength, 340 nm) with a CCPM double-plunger pump (Tosoh) in conjunction with a SC-8020 system controller (Tosoh). A Shodex-Asahipak ES-502N 7C column [Showa Denko, Tokyo, Japan; 1060.76 cm (inner diameter), dimethylaminoethyl-form for ion-exchange HPLC, column temperature, 35uC60.5uC] or in some instances two Asahipak GS-520H columns [Asahi Chemical Industry; Kawasaki, Japan; 2560.75 cm (inner diameter) maintained at 32uC] were used. Linear gradient elution was carried out with an ethanol level increasing from 0% to 5% in 0.05 M sodium acetate and 0.40 M sodium sulfate buffer (pH 4.85; acetate-sulfate buffer) at a flow rate of 1.0 mL/min. Deaeration of the buffer solution was performed by helium bubbling. Based on the HPLC profiles of HSA obtained from these procedures, the values for each fraction were subjected to numerical curve fitting, and the fractions of HMA, HNA-1, and HNA-2 to total HSA were calculated.
Statistical Analysis
The descriptive statistics were expressed as mean 6 standard deviation (SD) for continuous variables and frequency (percentage) for categorical variables. The redox state of serum albumin was quantified by the fraction of HNA in total HSA. To better illustrate the results, HNA level was redefined as a dichotomous variable with a value of 0 if the fraction was higher than the third quartile and 1 if otherwise. Descriptive statistics were stratified according to the dichotomous HNA level. Spearman's test and the log-rank test were applied as appropriate to assess bivariate associations among the HNA fraction, survival outcomes, and potential confounders. The associations between the HNA fraction and overall mortality as well as CVD mortality were assessed by Cox proportional hazards models, which were also applied to assess the effects of other variables on both mortalities. To analyze the risk factor effect on CVD death, both non-CVD deaths and the end of study were treated as noninformative censoring events. The final models were constructed by stepwise selection, with criteria for entry and stay in model set to levels of ,0.2 and ,0.1, respectively. The differences in Akaike's Information Criterion were further used to evaluate whether significant increases in goodness-of-fit could be gained from reserving covariates of pvalues between 0.05 and 0.1. The hazard ratio (HR), 95% confidence interval (95% CI), and p-value from the Cox regression model analysis were reported. Throughout this paper, a statistically significant association was considered when the p-value is ,0.05. Stratified analysis was performed according to baseline CVD history status (with vs. without) to investigate the clinical significance of redox state measurements for HD patients. All statistical analyses were performed using the SAS statistical software package (SAS Institute Inc.; Cary, NC, USA). 56.6620.9 (1) 0.1282 LDL-C (mg/dL) 104.4631.8 (1) 93.5629.5 99.7634.1 (3) 101.7631.2 (1) 0.3764 HDL-C/Chol 0.360.1 (1) 0.260.1 0.360.1 (3) 0.360.1 (1) 0.2439 LDL-C/Chol 0.660.1 (1) 0.660.1 0.660.1 (3) 0.660.1 (1) 0.2983
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Descriptive Analyses of the Study Cohort
The 248 HD patients in this study had a mean (SD) HNA level of 43.9% (11.2%). The mean follow-up time was 4.9 (2.2) years with a range of 3 months to 6.5 years. The mean age was 65 (13) Spearman's correlation tests showed that the participants with higher HNA measurements were more likely to have pre-existing CVD, high hsCRP levels, and low hemoglobin and serum albumin levels (the respective p-values were 0.0077, 0.0259, 0.0297, and 0.0494). Patients with high HNA levels also exhibited higher fractions of HNA-1 and HNA-2. Detailed clinical characteristics of the participants are summarized in Table 1 .
Survival Analysis for the Entire Study Cohort
One hundred ten patients died during the 6.5-year follow-up period. Among these patients, 65 (41%) died as a result of causes other than CVD, such as sepsis or malignancy. The detailed distribution of survival outcomes by HNA quartiles is displayed in Table 2 . The crude survival probabilities were 90.32%, 80.65%, 71.77%, 70.97%, 66.53%, and 59.27% by the end of the first, second, third, fourth, fifth, and sixth years, respectively. The estimated survival functions of the time to death from CVD and all causes were stratified by HNA quartiles and illustrated in Figure 1 . Patients with a serum HNA fraction above the upper quartile (those with HNA.51.16%) had a significantly higher CVD mortality than other patients after the first year, but the difference in overall mortality was not statistically significant (p-value = 0.0747). The crude HRs of death from CVD and all causes for all variables are listed in Table 3 , along with the 95% CIs. Since the fractions of HNA and HMA in total HSA sum up to 100% [13] , the HR of mortalities associated with HMA is the reciprocal of that associated with HNA, but the statistical significance remains the same. A high level of HNA or HNA-1 or a history of CVD, DM, or hypertension was positively correlated with both mortalities. There was a statistically significant survival benefit in patients who were younger, who had higher body weight, who had higher BMI, high-density lipoprotein cholesterol (HDL-C) or HDL-C to total cholesterol ratio (HDL-C/Chol), or who had lower levels of hsCRP or FBS. The results of multiple Cox regression analysis are displayed in Table 4 .
The association of CVD death risk with HNA, hsCRP, baseline DM status, and BMI remained significant after adjusting for history of previous CVD. The CVD death risk of patients with a high HNA level (.51.16%) was estimated to be 2.22 times higher than that of patients with a low HNA level. The HR of all-cause death for patients with a high HNA level versus those with a low HNA level was 1.57, after adjusting for the effect of baseline CVD history status, hsCRP level, age at enrollment, BMI, dialysis vintage, and HDL-C/Chol. The estimated HRs, 95% CIs, and pvalues of these confounders are shown in Table 4 .
Stratified Survival Analysis According to the Baseline CVD Status
The results of stratified analysis are shown in Table 4 . A high HNA level was associated with high CVD death risk for patients with a known CVD history at baseline. The estimated HRs was 2.55 and 2.16 (95% CI, 1.47-4.47 and 1.31-3.56) for the risk of death from CVD and all causes, respectively. Such an association was not found in patients without a known CVD history at baseline. In this subset of patients, a high ferritin level was associated with a low risk of death from CVD, whereas low hsCRP level, young age, and low fasting blood sugar level were associated with decreased risk of death from all causes. 
Discussion
This prospective study investigated the association between the redox state of human serum albumin and mortality in HD patients. The redox state of HSA was quantified by measuring the fraction of HNA to total serum HSA using HPLC [13] . Two main findings were observed. First, the low serum HNA fraction was associated with a survival benefit in normoalbuminemic HD patients. Second, stratified analysis revealed a strong association between HNA and the risk of death from CVD and all causes in patients with pre-existing CVD. Conventional independent predictors of the mortality of HD patients, such as high hsCRP level, old age, the presence of DM or hypertension, low BMI, low HDL-C/Chol, and poor glycemic control, were also observed in our study.
In our HD patients, substantial oxidative modification of serum albumin leads to increases in the HNA-1 and HNA-2 fractions. This finding is comparable with results obtained in previous studies [13, 14] . These earlier studies have shown the alteration of redox state of serum albumin in CKD patients, but its association with clinical outcomes has rarely been reported. Terawaki et al. [27] reported the association of serum albumin redox state and incidence of serious CVD. Nevertheless, our data extend previously published studies in terms of cohort size as well as follow-up time and, for the first time, reveal that an increase in the serum HNA fraction is strongly associated with high CVD mortality in normoalbuminemic HD patients, especially in those having a pre-existing CVD history. In this study, we demonstrated that the redox state of HSA is a positive predictor of CVD mortality in normoalbuminemic HD patients, especially in patients with a known CVD history. Using serial HNA surveillance measurements, rather than a single baseline observation, to predict the risk of death would be worthy of future study and this would be helpful to better assess the qualitative changes in serum albumin in CKD patients.
Previous studies showed that adequate hemodialysis significantly rescue serum albumin reduction and considerably decreased the HNA fraction after a single HD session [13, 28] . Other studies observed that the post-dialytic HMA fraction showed a stronger association with serious CVD incidence and mortality than the pre-dialytic HMA fraction in HD patients without a CVD history at baseline [27] . Because the post-HD HSA-redox state was not evaluated in this study, its association with CVD mortality and overall mortality cannot be assessed. Nonetheless, this limitation does not impact the clinical value of this study. With reference to previous observations by Terawaki et al. [27] and Soejima et al. [13] , the pre-HD and post-HD HSA-redox states exhibit a coherent pattern of association analysis and do not fluctuate over 10% in most patients. In our view, pre-HD HSA levels more closely reflect the redox state of patients because this measurement revealed the burden of the pro-oxidant during the interdialytic period. Post-HD measurements merely reflect how a dialysis session could partially restore the redox state of albumin. More importantly, the mechanisms underlying intradialytic mercaptnonmercapt conversions remain unclear.
For many years, we have been aware that hypoalbuminemia is a predictor of cardiovascular morbidity [29] and mortality [30] in HD patients. It is likely that the cause of hypoalbuminemia, rather than albumin levels per se, drives increased morbidity in uremic patients. In some previous studies, an association was found among hypoalbuminemia, oxidative stress, and inflammation in HD patients [19, 31] . One recent study demonstrated a direct molecular mechanism linking oxidative stress and hypoalbuminemia [24] . Hence, oxidative stress, as reflected by hypoalbuminemia, may be casually related to clinical outcomes in HD patients. Albumin, being the most abundant plasma protein, forms the largest fraction of reactive sulfhydryl (free thiol groups) and acts as an effective antioxidant system in plasma [32] . HSA contains one reduced cysteine residue, Cys-34. It has been reported that HSA Cys-34 is highly accessible to reactive oxygen species such as hydrogen peroxide (H 2 O 2 ) [33, 34] and carbon-centered free radicals [35] , as well as other oxidizing agents such as nitric oxide (NO) [19, 24, 31, 35] and peroxynitrite (ONOO 2 ) [19, 36] . Undoubtedly, the mercapt-nonmercapt conversion (intermolecular sulfhydryl-disulfide exchange reaction) of serum albumin is an effective antioxidant system in extracellular fluids [37] . However, oxidation of Cys-34 in HSA leads to the formation of sulfenic acid (RSOH), which is further oxidized to sulfinic (RSO 2 H) or the sulfonic acid form (RSO 3 H) [29, 31, 34, 36] . This oxidative process leads to conformational alterations of HSA, resulting in impaired or decreased antioxidant activity [9, 38, 39] . Hence, an increase in the oxidized form of HSA (HNA fraction) may aggravate the existing oxidative status of HD patients. In the absence of the protective role of biologically and chemically active albumin, HD patients are exposed to oxidative damage by reactive free radicals in extracellular fluids, which may contribute to the development and aggravation of cardiovascular and atherosclerotic complications [40, 41] .
Finally, the patients included in this study had normal plasma albumin levels and showed no clinical evidence of malnutrition. Therefore, an impact of the oxidized fraction of albumin was observed even in ''well-nourished'' patients with normoalbuminemia. In addition, our findings are of interest because they provide an explanation for the link between serum albumin levels and CVD mortality. This view is supported by several previous studies that demonstrated that the burden of oxidative modified molecules in dialysis patients is associated with CVD and overall mortality [42] [43] [44] .
In summary, the results of this prospective study suggest that the serum HNA level is a positive predictor of mortality in normoalbuminemic HD patients, especially among those with pre-existing CVD. Alterations of the redox state of serum albumin with impaired scavenging activity could contribute to accelerated atherosclerosis and the development of cardiovascular disease in HD patients. 
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